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ELECTROMYOGRAPHIC ANALYSIS OF SKELETAL MUSCLE CHANGES 


ARISING FKCM 9 DAYS OF WEIGHTLESSNESS 

IN THE APOLLO-SOYUZ SPACE MISSION 

By E* V« LaPevers^ A. E. Nicogossian^ and W. R. H\irsta* 
Lyndon B. Johnson Space Center 


SUMMARY 


The objective of this study was to assess skeletal muscle changes that 
might occur during a i)eriod of weightlessness of less than 10 days. The U.S. 
crewmembers of the Apollo-Soyuz Test Project were the subjects for this inves- 
tigation. Using an electrcxnyogram, the gastrocnemius, soleus, biceps brachii, 
and brachioradialis muscles were evaluated for excitability, electrical effi- 
ciency, and fatigability, using both integration and frequency einalyses. 

Findings indicated that disuse effects of weightlessness on skeletal 
muscles are precipitated very early in the period of weightlessness and gradu- 
ally increase in severity as the weightlessness continues. Also, the anti- 
gravity muscles appear to be affected most by weightlessness. Skeletal muscle 
excitability (i.e., frequency of firing) was increased as evidenced by signifi- 
cant shifts of predcmiinant electric6il activity into higher frequencies. Muscle 
electrical efficiency, as measured by the ratio of muscle force to electrical 
activity, decreased in the gastrocnemius but increased in the biceps brachii 
after 9 days of weightlessness. Fatigability, eus evidenced by shifts of 
spectral power into lower frequencies, increased as a result of the period of 
vei^tlessness . 


INTRODUCTION 


The Skylab Program afforded the first opportunity to study effects of 
long-duration weightlessness on human skeletal muscle function. T^e results 
of the Skylab assessments provided ample evidence that normal lavscle function 
is significauitly altered by periods of weightlessness of 59 days more. 

This conclusion is supported by several physiological a; i biochemical changes 
that occurred during the Skylab missions (ref. l); these changes have been 
shown by ground-based laboratory studies to be related to abnormal muscle 
function (refs. 2 to 7). For example, in the Skylab crewmen, a decrease* 
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in tension capability after flight suggested the possibility of muscle atrophy. 
The spectral characteristics of the electromyograms indicated states of muscle 
superexcitability and increased fatigability that only gradually returned to 
baseline values (ref. 8). Losses in body calcium and potassium also occurred, 
as well as alterations in enzymes related to muscle function. According to 
laboratory studies, the minerals and enzymes that changed in the Skylab crew- 
men are instrumental to neuromuscular transmission and muscle function effi- 
ciency (refs. 9 to 11). 

Many laboratory studies have been made to determine the effects of disuse 
on skeletal muscles. The results of muscle immobilization studies have been 
varied and sometimes inconsistent. A principal reason for this inconsistency 
is the relative ineffectiveness of the immobilization techniques (e.g., joint 
pinning, plaster cast encasement, etc.) for achieving near-absolute disuse 
conditions without concomitant confoxinding by the force of gravity. Likewise, 
disuse studies predicated on nerve cutting and' tendon severing are not effec- 
tive because the severe trauma inflicted on the neuromuscular system may 
transcend and confoiind the true effects of muscle disuse (refs. 3» 6, and 12 
to ill). 

Muscle function is appropriately described by the characteristics of its 
electrical activity, and the measurement of muscle electrical activity is 
called electromyography (EMG). Electromyography has been used for many years 
to study muscle condition, especially muscle fatigue (ref. 15). Ttie integrated 
EMG (lEMG) has been used most frequently for analyzing muscle fiinction bv'^cause 
it is an amalgamation of simultaneous veiriations in amplitude and frequency and 
is a convenient way of evaluating muscle electrical data (ref. 15). 

The first useful information produced by the integration technique re- 
sulted from the work of Bigland and Lippold (ref. l6). They found that a 
lineeir relationship exists between the level of muscle activity and the 
strength of voluntary muscle contractions, and several subsequent studies have 
substantiated that finding (refs. 17 to 19). 

In a further refinement of the Integration technique, DeVries (ref. 20 ) 
evaluated the functional state of muscle in terms of the "efficiency of elec- 
trical activity" (EEA). EEA is simply the lEMG plotted as a function of 

the force of isometric contraction with the slope of the regression line 
indicating the EEA. DeVries found the measurement technique to be useful as a 
physiological approach to the evaluation of muscle quality. 

The use of frequency analysis for the evaluation of muscle activity is 
more recent and provides a unique method for studying fatigue. Using 

this technique, Chaffin (refs. 21 and 22) has demonstrated Lhat, as a muscle 
progressively fatigues, the spectral density si -^ts from higher (40- to 70- 
hertz band) to lower (30 hertz and below) frequencies. With isometric and 
repetitive sequence tension on the biceps brachii of both pathologically symp- 
tomatic and asymptomatic individuals, Chaffin found that, in the case of most 
common myopathies, the EMG spectra are shifted toward higher frequencies when 
compared to asymptomat c individuals. Increased amplitudes were especially 
pronounced in the 100- to 200-hertz band. Using needle electrodes, Walton 
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(ref. 23) and Gersten et al. (ref. 2U) also found that muscle abnorailities of 
many forms could be detected by shifts of the predominant frequency into the 
hi^er bands. 

In another study Chaffin foimd that aiq>lltude shifts to the lower fre- 
quencies were coincidental with subjective muscle discomfort ratings, decreased 
psychomotor coordination, and increased muscle trenor. Chaffin concluded that 
EMG spectra are objective measures of muscle condition and i>erfonnance and sire 
directly relatable to human performance and behavior. 

The objective of the study discussed in this report was to continue the 
si>ace-flight evaluation of skeleted. muscle function that began in the second 
manned Skylab mission. The x»u*pose was to investigate changes in skeletal 
muscle electrical activity that occur after short-term weightlessness (i.e., 
less than 10 days). Ihe following changes were hypothesized: (l) heightened 

excitability as evidenced by a shifting of the predominant spectrsil power into 
higher frequencies, (2) reduced muscle electriced. efficiency, and (3) increased 
muscle fatigability ^en the muscles eu'e subjected to a moderate fatigue- 
inducing stress. 

The authors wish to express their sincere appreciation to Dr. George W. 
Hoffler, NASA Lyndon B. Johnson Space Center, for his influence, support, and 
gviidance during the planning and conducting of this study. Sincere apprecia- 
tion is also extended to Joseph Baker and John Donaldson, Technology, Incor- 
porated, for their most able assistance in the preparation of hardware and the 
collection of data. 

As an aid to the reader, where necessary the original units of measure 
have been converted to the equivalent value in the Syst&ne International 
d*Unit4s (Sl). The SI units are written first, and the original units are 
written p€urentheticed.ly thereafter. 


METHODS 


Instrumentation 

A skeletal muscle stress appsuratus was designed and built for controlled 
isometric muscle testing. The device was adjustable to accommodate the 5th 
to 95th percentile i>erson, anthropometrically, and permitted measiurement of 
the force exerted by the subject's am or leg. A force transducer weus mounted 
on the stress apparatus. Calibration of the force signal was accomplished by 
coupling a known amount of weight to the transducer. A small meter provided 
feedback of force levels to the subject. 


B. Chaff n, "EMG Research for Industrial Applications," unpublished 
interim report, Unlv. of Michigaui, 1969 . 
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A tvo-channel EMG detector vas built using differential amplifiers. The 
output of each differential amplifier vas peissed through an active 5-hertz 
high-pass filter to remove direct-current (dc) offset or movement eurtifacts 
from the data. An internally generated calibration signal was provided by a 
nominal 20-hertz, 350-microvolt root-mean-square (rms) sine wave, which could 
be switched to the input of the differential amplifiers. 

Muscle force vas measured using a universal transducing cell coupled with 
a load cell accessory (range 0 to 890 newtons (O to 200 pounds)) and a bridge 
amplifier. An additional steige of gedn was added so that the output from the 
bridge amplifier coiild be optionally increased when measuring low force levels. 

All data were recorded at a speed of 9*53 cm/sec (3*75 in/sec) on magnetic 
tape by a four-cheuinel instnimentation recorder (two channels of EMG signals, 
one chaimel of force signal, and one channel of interrange instrumentation 
group (IRIG) B time code. A four-channel strip-chart recorder was used to 
monitor the data playback from the magnetic tape during the experiment. Fig- 
ure 1 is a diagram of the instrumentation. 


Protocol 

Data were taken U5, 30, suid 15 days before the flight (F-U5, F-30, and 
F-15). For each crewman, two muscles on the lower leg, the gastrocnemius 8ind 
the soleus, and two muscles on the arm, the biceps brachii and the brachiora- 
dialis, were instnnnented. Surface electrodes, 1.12 centimeters inch) 

in diameter, were used with space- flight- type electrode paste. Figure 2 shows 
the electrode positions. The electrodes were applied approximately 1 hour 
before testing, and care was taken to reproduce electrode p sitions accurately 
from one test to the next. 

The crewman was seated in the muscle stress apparatus, and the device was 
adjusted for leg stress measurements. On F-i+5 only, the crewmen performed 
an initial series of three instantaneous maximum voluntary contractions . 

The inRxiimiTn voluntary contraction (MVC) fotmd for each crewman was 
used to determine his force levels for the remainder of the experiments. 

The crewman then exerted a series of graded force levels as follows : 

10 seconds at 10 percent MVC - 20 seconds rest 

10 seconds at 20 percent MVC - 20 seconds rest 

10 seconds at 30 percent MVC - 20 seconds rest 

60 seconds at 50 percent MVC 

The muscle stress apparatus was reset for testing the arm muscles. The pro- 
cedixre was identical to that for the leg except the 60 -second effort was at 
UO percent MVC. The 60-second constant-hold test was used to evaluate the 
fatigability of the four muscles. On F-30 and F-15, a single MVC was taken 
after the completion of the arm and leg protocols. On recovery day, the pro- 
cedure was the same as that on F-30 and F-I 5 . 
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Iteta Processing 


The analog force and EMG signals were digitized for processing. The 
analog force signal was low-pass filtered at 10 hertz and sampled at 20 
samples/sec. A li00-hertz upper frequency limit w€is selected for EMG power 
spectral density (PSD) analysis. Consequently, the analog EMG data were low- 
pass filtered at UOO hertz and digitized at 1000 samples/sec (ref. 25). 

The computer program EMGAN was written to process the force and Q1G data 
(ref. 26). Force data were C8j.ihrated into pounds and averaged over 1-second 
intervals. The EMG signals were analyzed in U-second segments. The data were 
calibrated into microvolts, and the integrated value for each segment was 
found. 

A cosine taper was applied to the first and last tenths of each data seg- 
ment (for leakage reduction (ref. 27)), the discrete Fourier transform was 
taken, and the magnitude of the PSD was calculated. To reduce random error, 
the PSD V 08 smoothed over approximately 10- hertz inteirvals. 


RESULTS 


Because of toxic gas infiltration into the Apollo command module crew 
cabin during descent to Earth and the resulting concern for the health of the 
crewmen, postrecovery electromyographic data were collected on only one crew- 
man. The problems in generalizing the results of data from one subject to a 
larger population are appsurent. Nevertheless, one-of-a-kind space- flight data 
should not be ignored simply because there is a problem with the universality 
as long as ceire is exercised in generalizing the results. Practical applica- 
tion must adhere to representativeness. 


Muscle Excitability 

Skeletal muscle disuse attributable to 9 days of space-flight weightless- 
ness resulted in increased excitability of the instrumented muscles of this 
study. Figures 3(a) and 3(b) show the preflight and postflight distributions 
of spectral power for the gastrocnemius and biceps brachii. These data in- 
dicate that each muscle had an increased predominant firing frequency and the 
tendency for the distribution of the power spectrum to be shifted toward the 
higher frequencies. The increase in firing frequency was approximately 30 
hertz (25 percent) amd 20 hertz (Uo percent), respectively. 

The t-test for related measures was used to determine whether the spectreil 
power changes that appeeu: to be associated with the shifts in predominant 
frequency (figs. 3(a) and 3(b)) were statistically significant. The results 
are given in table I. The hypothesized decrease in spectral power in the 
low-frequency band was significant for the gastrocnemius only, whereas the 
power increase in high-frequency response was significant for the biceps only. 
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The soleus muscle (fig. 3(c)) shewed a postflight increase in predominant 
firing frequency of approximately 30 hertz, or 25 percent. In the band from 
UO to 150 hertz, there was a significant decrease in spectral power (t * 3.25, 
p < 0.02), which corresponded to the shift in the predominant frequency from 
approximately 125 to 155 hertz following the 9 days of weightlessness. How- 
ever, as in the gastrocnemius, a consistent pattern of spectral power increase 
in the higher frequencies was not found. 

The brachioradialis muscle showed the least excitability effects from the 
weightlessness. There was no shifting of predominant frequency from the level 
of the preflight baseline and no consistent pattern of change in either the 
low- or the high-frequency band. 


I-fuscle Electrical Efficiency 

The electrical efficiency of a muscle is defined as the reciprocal of the 
ratio of IMG to pounds force. Because the level of force maintained for a 
particvilar postflight trial varied from that maintained jefore flight, the 
dataware cast to reflect the muscle electrical efficiency, i.e., microvolt- 
seconds per pound of force, for each of the four submaximal MVC trials. These 
data are plotted in figures U(a) to U(d). The t-test for related measures was 
used to evaluate differences in the IMG levels. After flight, the biceps 
brachii and the brachioradialis exhibited significantly higher levels of elec- 
trical efficiency (t = U.33, p < 0.05; and t = 8.33, p < 0.01, respectively); 
the gastrocnemius showed a significantly lower level of electrical efficiency 
(t = -3.58, p < 0.05); and the soleus exhibited mixed effects. 

The preflignt and postflight IMG levels generated by the muscles during 
the 1-minute fatigue-inducing stress were eilso cast to reflect muscle elec- 
trical efficiency. These data are shown in figures 5(a) to 5(d). The biceps 
and brachioradialis showed higher levels of electrical efficicticy after flight 
and the tendency to decrease in electrical efficiency as fatigue progressed, 
both after flight and before flight (figs. 5(c) and 5(d)). The gastrocnemius 
also showed the tendency to decrease in electrical efficiency as tension was 
maintained, but the postflight level of electrical efficiency was less than 
the preflight level (fig. 5(a)). The soleus muscle showed an interaction 
effect between muscle electrical efficiency and the time course of the iso- 
metric stress (fig. 5(b)). 


Muscle Fatigability 

Analyses of variance were conducted on the power spectral data of the 
fotir muscles used in this study. Three main effects were considered in the 
analyses: (l) conditions (preflight and postflight), (2) time increments 

(i.e., the time intervals at the beginning and end of the 1-minute continuous 
isometric hold for which the MG was spectrally analyzed), and (3) frequency 
bands. The frequency bands used for the analysis of the muscle data were 10 
to 60 hertz, in 10-hertz increments, for the leg muscles and 10 to 30 hertz, 
in 10-hertz increments, for the arm muscles. The band ranges were arbitrarily 
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chosen contingent on the location of the predominarit. frequency band of the 
muscle. The predominant frequency for the two leg muscles was consid^^rably 
higher than that for the aomi muscles; therefore, a wider band was used in the 
analysis. Sinnmaries of the analyses of varleuice sure given in table II. 

In the calf muscles, there was a significant difference between the pre- 
flight Sind postflight spectral power levels. The post^light data indicated a 
slgnlficeuitly greater progressive power shift into tL lower frequencies as a 
result of the 1-minute isometric stress. Figures 6(a) and 6(b) are plots of 
the power spectral data from the gastrocnemius muscle. Figure 6(a) shows the 
extent of the preflight downward shift resulting from the 1-minute continuous 
hold at 50 percent MVC, and figure 6(b) shows the postflight data. More 
dramatic shifts of the spectral power into the lower frequencies are evident 
in the postflight data (t * 5.53, p < O.Ol). Figures 7(a) and 7(b) show che 
differential effect of the space- flight weightlessness on the biceps brachii. 
Preflight shifts appear principally in the low frequencies (30 hertz and below) 
with smedler change evidenced in the higher frequencies. During the postflight 
period, there was an increase in low-frequency power but a significant decrease 
of the spectral power in the higher frequencies of 6o to 100 hertz (t = 3.83, 

p < 0.01). 


DISCUSSION 


Previous research has demonstrated that marked changes occur in skeletal 
muscle fiinction after a prolonged period (59 days) of space-flight weightless- 
ness (ref. 8). The changes were manifested in an antigravity muscle of the 
leg, the gastrocnemius, and consiste"* of muscle superexcitability and height- 
ened fatigability. 

The present investigation of skeletal muscle function involving both leg 
extensor and arm flexor muscles in a shorter period of weightlessness (9 days' 
has shown that the muscle dysfunction characteristics prominent after 59 days 
of weightlessness (the second manned Sky lab mission) are also evident after 
only 9 days of weightlessness (the Apollo-Soyuz Test Project (ASTP) mission). 

Although it is unwise to make deductions based on a single case, it 
appears from the data of this study that the short period of weightlessness 
(9 days) in the ASTP mission brought about skeletal muscle changes that occurred 
previously in longer durations of weightlessness. 

As was hypothesized for this study, the 9 days of weightlessness resulted 
in Increased excitability of both the upper and lover torso skei etal muscles . 
.^vhough the changes in excitability were not as pronounced a^ in the longer- 
duration Skylab mission, they nevertheless suggest that the skeletal muscles 
of the crewman were affected by the relatively short perioa of weightlessness . 
The changes in excitability of the upper and lower torso muscles indicate that 
skeletail muscles are suscep'' ble to functional changes associated with the re- 
duced muscle activity in ve tlessness. Because all changes were in to 

direction of greater sensi-* ty, i.e., higher firing rates in response to a 



specified contraction force« the effect vas probably at the muscle fiber level. 
Previous clinical studies have indicated that random loss or reduced activity 
in muscle fibers » as in myopathy* results in higher firing frequencies of the 
muscle ^ vhereas dysfunctions of neural loci result in lower firing frequencies 
(refs. 23* 2h^ and 28 to 30). 

Several studies have provided evidence that the electrical activity of 
muscles increases as a function of tension (refs. l6 and 31 to 3^)* The re- 
sults of this study concur with those findings because all four of the mu^oles 
demonstrated aa increasing IQiS vith increasing force of contraction. Also, 
previous studies have shown that» after a period of ismobilization or disuse, 
or, as in myopathy* the amplitudes of muscle 9IG's are depressed when ccmipared 
with EMS*s acquired before disuse (refs* 23 and 35)* Again, the results of 
this study az^ in general agreomnt, although seme muscles (e*g., the gastro- 
cnemius) are capable of responding with increased rather than decreased ampli- 
tudes. Because muscle disuse is associated with increased firing frequencies 
(refs. 8, 36, and 37)* increeised firing frequencies with lowered thresholds 
and smaller motor units (refs. 10* 38* and 39) wd smaller motor units with 
smaller amplitudes (ref. 38), it is reasonable to expect decreased £340 ampli- 
tudes to be associated with muscle disuse* The gre -ter amplitudes produced 
by the gastrocn^nius in response to disuse are not fxtlly un^’erstood; however, 
existing evidence suggests that this finding is not anomalous. For example. 
Libers cn et al. (ref. have provided indirect evidence that the lEMG of the 
gastrocnemius may show an inverse relationship to force of contraction, the 
highest tezisions shoving the lowest levels of electrogenesis. 

Muscle electrical efficiency, as applied by DeVries (ref. 20), appears to 
describe adequately the efficiency quality of muscle activity under normal 
gravity conditions. Figure k shows that the biceps brachii and brachioradialis 
are almost equally efficient during the flexing of the lower ami; but, in ankle 
extension, the soleus appears to be more efficient than the gastrocnemius. 
However, the soleus, a "slow- twitch” postural muscle, is suited for endiirance 
and thus would be expected to be more efficient than the "fast" gastrocnemius. 
The preflight soleus (fig. 5) appears to improve in electriced efficiency with 
time as a 50-percent MVC is maintained for 1 minute* This inq)roved efficiency 
is inconsistent with established relationships in muscles that show that in- 
creasing amplitudes, and therefore decreasing electrical efficiencies, eire 
associated with constant tension that is maintained during a period of time 
(refs. l6 and 3^). However, other studies have shown that the human calf 
muscles do respond initially in an uncharacteristic meuiner to a constant 
tension. Lippold et al. (ref. 3^) found that, for tensions between 10 and 
80 percent of the MVC, the lEMG level of the gsistrocnemius decreased slightly 
during the first minute or 2 before beginning an upward trend. Edwards et al. 
(ref. 31) found comparable results for the soleus muscle. Muscle tension in 
this study was maintained for only 1 minute, and both the gastrocnemius and 
soleus did exhibit an initial decrease in their I£MG levels, with the soleus 
showing the leirger and more lengthy decrease. 

Previous research has shown that the soleus is highly eif fected 1 y te- 
notomy ttendon cutting), which renders the muscle incapable of contraction* 
These studies >^ave shown that lack of activity tends to convert the soleus 
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into a fast- twitch muscle (refs. Ul to U3). Although tenotoroy is much more 
traumatic and reduces motor activity in a muscle to a greater extent than 
does single disuse (ref. lU), it was still anticipated that the soleus might 
show a greater effect from weightlessness than the gastrocnemius. This antic- 
ipation was tentatively confirmed by the results of the 1-minute, constant- 
hold stress. The slope coefficients shown in figure 5(b) suggest a greater 
rate of chcmge in the soleus electrical efficiency after weightlessness than 
in the gastrocn^nius; however, insufficient data precluded statistical verifi- 
cation. A greater effect of weightlessness on the soleus is further supported 
by the results of the analysis of variance of the spectral power, wherein the 
soleus shows a greater degree of significcmce. (See the subsection entitled 
"Muscle Electrical Efficiency” and table II.) 

The inte3rpretation of the results of muscle activity in terms of the 
muscle electrical efficiency concept is less clear after a period of veignt- 
lessness than before weightlessness. For example, the increased electrical 
efficiency shown in the arm muscles after flight is sujrprising because all the 
muscles were expected to show some degree of deficiency. A possible explana- 
tion for this disparity may be found in the quantity and quality of exercise 
received by the arm muscles during flight. The in-flight exerciser used during 
the ASTP mission was genercdly more amenable to upper torso exercise, although 
leg exercises could be performed. Thus, the arm muscles may have received dis- 
proportionately more exercise. This possibility, together with the short 
mission duration, the greater \ise of arms than legs in normal mission opera- 
tions, and the added possibility that the arm muscles are less eiffected by the 
absence of gravity than the euitigravity muscles, could account for postflight 
efficiency enhancement in the arm muscles, especially if the frequency and 
intensity of arm exercises were greater during flight than before flight. 

Another possible explcmation for the observed resixlts is that the in- 
creased muscle electrical efficiency is an artifact resulting from differences 
between postflight and preflight IWQ levels. In this study, the biceps and 
brachioradialis both had depressed lEMG levels after flight; this finding is 
supported by other muscle studies that have shown smaller EMG amplitudes 
assoc, .ed with muscle dysfunctions attributable to either pathological states 
or muscle immobilization (refs. 23 and 35)* Thus, the smaller postflight EMG 
amplitudes from comparable preflight and post flight force levels would nec- 
essarily produce smaller lEMG per unit force ratios for the postflight data 
and, therefore, reflect better efficiency. 

Possibly, the lower postfli^t IEMG*s reflect better efficiency be- 
cause approximately the same tension war attained after and before flight with 
a lower level of muscle electrical activity. Unfortunately, this argument can- 
not be tested directly from data in this study becauc^ L.ie exercise parameter 
was not manipulated during flight. Also, IMG data using the controlled pro- 
cedures of this study do not exist for longer periods of weightlessness. How- 
ever, the relationship between muscle electrical efficiency and muscle fatigue, 
as reflected by changes in the spectrad power content of the lower frequency 
bands during the 1-minute stress, makes the validity of the argment dubious 
because greater rates and ranges of muscle fatigue occurred after flight 
whether muscle electrical efficiency was better or worse. Figures 8(a) and 
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8(b) show the data for the gastrocnemius and biceps muscles ^ resi>ectively , 
wherein the spectral power index of fatigue is plotted against muscle electri- 
cal efficiency. For the gastrocnemius, the preflight level of electrical 
efficiency is greater than the postflight level, and the lower efficiency after 
flight is associated with a greater range and rate of fatigue. For the biceps 
brachii, the postflight level of electrical efficiency is greater, but instead 
of the postflight range and rate of fatigue being smaller, as might be ex- 
pected, it is greater. Thus, the fatigue associated with the change in elec- 
trical efficiency during muscle stress after flight is greater than before 
fll^t, even though the level of postfllght electrical efficiency was greater. 
This implies that the increased electrical efficiency of the biceps brachii 
was obtained at the cost of greater fatigability. Yet, it seems more correct 
to expect that the electrical efficiency is the dominant factor and that in- 
creased electrical efficiency in the muscle would be associated with decreased 
fatigability. 

That short-term exposure to weightlessness heightens fatigability in 
skeletal muscle is readily demonstrated by the results of this study. Signifi- 
cantly greater amounts of spectral power developed in the lower frequencies 
after the period of weightlessness than before in response to the fatigue- 
inducing stress. These data suggest that the disuse associated with weight- 
lessness temporally facilitated certain muscle conditions, as evidenced by a 
degree of supersensitivity, which led to quickened fatigability and the earlier 
incidence of synchronous discharges and recruitment of higher threshold motor 
units . 

Although it is obvious that the period of weightlessness heightened post- 
flight skeletal muscle fatigability, the exact cause is not readily obvious. 

A simplistic approach is to assume that the lowered threshold, more highly 
excitable muscle fibers, which fire at higher rates in response to a given 
tension, are more easily fatigued. It is generally agreed that the stronger 
the contraction of a muscle, the higher its discharge frequency until fatigue 
develops. This suggests that the contraction of a muscle that has been sub- 
jected to disuse is stronger or more intense for a given force than the same 
contraction before the period of disuse. For example, dystrophic muscle fibers 
cannot produce as much tensiuxi as uormal fibers; therefore, more fibers are 
used for a given tension, which implies that a greater proportion of the 
muscle *8 contractile facility is being used. Because the effects of disuse 
mimic the dystrophic condic ->n in some ways, it seems logical to assume that 
the intensity of the contraction of a disused muscle is proportionately greater 
than that of a normal muscle to achieve or maintain a given tension. And, 
because previous studies have shown a positive relationship between muscle con- 
traction intensity and muscle fatigue (refs. 3^ and to U6), disuse effects 
could have the propensity for increasing muscle fatigability. 

It has been established that inactivity has a deleterious effect on neuro- 
muscular functioning; e.g., reduced activity is associated with alterations in 
the acetylcholine (ACh) sensitivity of motor end plates (ref. 12). Likewise, 
changes in biochemical concentrations in muscle can alter ACh sensitivity and 
muscle function (refs, kj to 50). Changes in calcium and potassium concentra- 
tions in the medium surrounding muscle fiber membranes, for example, cause 
changes in membrane potential and sensitivity; i.e., a rc-iuction in calcitim 
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and potassium is accompanied by increased excitability and thus a greater 
frequency of impulse propagation (refs. 10 and 51)- In weightlessness, the 
neuromusculoskeletal syst«n is influenced by both kinds of effects; however, 
the exact relationship between them is not known. Lomo et al. (ref. 37) have 
proposed that the main role of the nerve in controlling chemosensitivity of 
the muscle m«nbrane is its ability to maintain m\isc\ilar activity. This sug- 
gests, then, that inactivity is the principal factor contributing to the dys- 
function characteristics of the space-ij.ight disused muscle. If this sugges- 
tion is correct, then an appropriate in-flight exercise program should allevi- 
ate the muscle problem. Conversely, if it is not correct, then an exercise 
program may have only short-term beneficence. 

The proper functioning of skeletal muscle is also dependent on an adequate 
flow of blood to the muscle. For example, it is known that if the blood supply 
to an exercising muscle is occluded, fatigue occurs sooner than if the circula- 
tion is normal (refs. 52 to 55)* Also, it is known that both isometric and 
isotonic muscle contractions may occlude arterial flow by means of intra- 
muscular pressure. 

Cardiovascular and pulmonary changes, as well as a general deconditioning 
of the cardiopulmonary system, have occurred during space flight (ref. 57) • A 
general deconditioning sufficient to affect blood flow to skeletal muscles dur- 
ing various levels of muscle contraction could have deleterious effects on the 
functional attributes of the muscle. 

Future space- flight research on muscle funcuion should include stud 
designed to answer the types of questions presented in this report. Gtu^ s 
to determine the etiology of both nerve and muscle in netiromuscular system 
dysfunction attributable to wei^tlessness and to investigate the practical 
consequences of space-flight mtiscle dysfunction to work performance capability 
should also be included. 


CONCLUSIONS 


The skeletal muscle changes of the U.S. crewmembers of the Apollo-Soyuz 
crew have been recorded. The objective was to assess skeletal muscle changes 
**“^at might occur in response to a relatively short period of weightlessness, 
i.e., less than 10 days. The muscles measured were the gastrocnemius, the 
soleus, the biceps brachii, and the brachioradialis . Both integration and 
frequency analyses were performed on the recorded elect romyograms of only one 
crewman because toxic gas exposure precluded fur^’-her po^tflight testing of 
the other crewmen. The following changes were noted. 

1. Muscle excitability, i.e., frequency of impulse propagation, was in- 
creased as evidenced by a significant shift of the predomin'^nt firing frequency 
into higher frequencies. For example, in the gastrocnemius, there was a shift 
of approximately 25 percent of base level and in the biceps brachii, approxi- 
mately Uo percent of base level. 
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2. Muscle electrical efficiency, as measured by the ratio of electrical 
activity to luplt of force, was found generally to decrease eis a result of the 
9 days of wnl/'-itlessness. However, the efficiency of the biceps brachii was 
increased aft.r the period of weightlessness. The implications of this find- 
ing are disc ssed. 

3. Fatigability of the postflight muscles was significantly increased, 
as evidenced by a shift of spectral power into the lower frequencies as a re- 
sult of the relative disuse during weightlessness. 

U. The oitigravity muscles in the legs appear to be most affected by the 
period of wei 'litlessness . Ibis may be inherent in the muscles or may be a re- 
sult of less iffective in-flight exercise. 

5. It is concluded that the disuse effects of weightlessness on skeletal 
muscles are precipitated efiu*ly in the period of weightlessness and, based on 
results of a raore lengthy period of weightlessness (second manned Sky lab 
mission), gradually increase in severity as the weightlessness continues. Add- 
itional research is reqiiired to determine the practical implications of these 
findings and their ultimate consequences for missions of 1 to 3 years' duration. 


lyndon B. Johnson Space Center 

Naticneil Aeronautics and Space Administration 
iouston, Texas, March 2U, 1976 

966-60-00-00-72 
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TABLE I.- T-TESTS FOR SIGNIFICANCE OF POSTFLIGHT 


SHIFTS IN SPECTRAL POWER FOR THE GASTROCNEMIUS 
AND BICEPS BRACHII 
[30 percent MVC for 10 seconds] 


Muscle 

Postflight shift 


Lov hertz 

High hertz 

Gastrocnemius 

* 2 . 1*3 

- 0 . 8 U 

Biceps brachii 

1.20 

®-3.l8 


< 0.05 (one-tailed test). 









TABLE II.- SUMMARIES OF THE ANALYSES OF VARIANCE OF »fiJSCIE DATA 


Source of irariatloQ 

Degrees of freedom 

Mean square | 

Value of F 

1 ^ 

Gastrocnemius 

Conditions 

1 

396.1 

12.4 

<0.05 

Time Increment (fatigue 
index) 

1 

. 1170.5 

36.7 

<.01 

Frequency Bands 

k 

250.3 

7.8 

<.05 

Conditions X time 

1 

97l».3 

30.5 

<.01 

Conditions X frequency 

U 

105.9 

3.3 

NS^ 

Time X frequency 

k 

41.8 

1.3 

NS 

Error 

k 

31.9 



Total 

19 




Soleus 

Conditions 

1 

82.4 

26.6 

<0.01 

Time increment (fatigue 
index) 

1 

1538.3 

496.2 

<.01 

Frequency bands 

h 

238.0 

76.8 

<.01 

Conditions X time 

1 

188.5 

60.8 

<.01 

Conditions X frequency 

1 * 

45.4 

14.7 

<.05 

Time X frequency 

h 

63.0 

20.3 

<.01 

Error 

k 

3.1 



Total 

19 





®Not significant. 
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TABLE II.- Concluded 


Source of variation 

Degrees of freedom 

Mean square 

Value of F 

P 

Biceps brachii 

Conditions 

1 

2.7 

<1 

NS 

Tine increuent (fatigue 
index) 

1 

305.0 

29.3 

<0.05 

Frequency bands 

2 

318.0 

30.6 

<.05 

Conditions X time 

1 

3.5 

<1 

NS 

Conditions X frequency 

2 

13.8 

1.3 

NS 

Time X frequency 

2 

92.7 

8.9 

NS 

Error 

2 

10.4 



Total 

11 




Brachioradialis 

Conditions 

1 

105.0 

<1 

NS 

Time increment (fatigue 
index) 

1 

55.9 

<1 

NS 

Frequency bands 

2 

1088.0 

1.7 

NS 

Conditions X time 

1 

58.5 

<1 

NS 

Conditions X frequency 

2 

30.1 

<1 

NS 

Time X frequency 

2 

335.7 

<1 

NS 

cirror 

2 

640.9 

<1 

NS 

Total 

11 
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Muscle efficiency , log x 100 Muscle efficiency, log x 100 




(t) Soleus. 


Figure U.- Plots of muscle electriceQ efficiency data showing preflight and 
post flight levels and slopes for the force increments of 10, 20, 30, Uo, 
amd 50 percent MVC tests (b = slope coefficient). 



, log X 100 







Time intervals 


(b) Soleus - 50 percent MVC. 


Figure 5.- Plots of muscle electrical efficiency data during 1-minute isometric 
stress showing preflight and postflight levels and slope coefficients (b). 


26 







Centers of 10-Hz bands 


(a) Preflight data. 
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(b) Postflight data. 

Figiare 6.- Plots of fatigue data for the gastrocnemius showing spectral power 
shifts resulting from the 1-minute isometric ctress. 
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Spectral power as a percentage Spectral power as a percentage 

of the maximum band of the maximum band 



(a) Preflight data. 



(h) Postflight data. 

Figure J.~ Plots of fatigue data for the biceps brachii showing spectral power 
shifts resulting from the 1-minute isoir.etric stress. 
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